Signaling via cytosolic and receptor tyrosine kinases is associated with cell growth and differentiation but also targets onto transmitter receptors and ion channels. Here, regulation by tyrosine kinase (TK) activity was investigated for inwardly rectifying K ؉ (Kir2.1) channels that control membrane excitability in many central neurons. In mammalian tsA-201 cells, the membrane-permeable protein tyrosine phosphatase inhibitor, perorthovanadate (100 M), suppressed currents through recombinant Kir2.1 channels by 60 ؎ 20%. Coapplication of the TK inhibitor genistein (100 M) completely abolished this effect. Native Kir2.1 channels in rat basophilic leukocytes were affected by manipulation of the TK and protein tyrosine phosphatase activity in a qualitatively similar manner. Site mutation of a tyrosine consensus residue for TK phosphorylation in the C-terminal domain of Kir2.1 generated channel properties indistinguishable from wild-type Kir2.1 channels. However, Kir2.1Y242F channels were no longer suppressed following exposure to perorthovanadate, indicating that the channel is a direct substrate for TKs. After coexpression of nerve growth factor receptor with Kir2
Protein phosphorylation on serine and threonine residues modulates the activity of a variety of ion channels and consequently alters the excitability patterns of many central neurons (1, 2) . Usually, neurotransmitters and neurohormones exert this effect by binding to metabotropic, G protein-coupled receptors, which in turn trigger a specific cascade of events that result in the phosphorylation/dephosphorylation of the target protein. Acute electrical signaling in the central nervous system via this type of receptor stimulation alters the probability of the channel protein being in the open state and alters the activation/inactivation kinetics or induces different conductance levels of channel proteins. In contrast, phosphorylation by cytosolic or receptor TKs 1 is generally associated with long term cellular processes such as cell growth, differentiation, and oncogenesis. Protein phosphorylation at tyrosine residues has only lately been found to acutely modulate neurotransmitter receptors (3) and ion channels (4), including Na ϩ channels (5), Ca 2ϩ channels (6) , and cyclic nucleotide-gated (7) and voltagegated cationic channels (8) , as well as K ϩ channels. Interestingly, evidence has been presented recently that voltage-dependent Kv1 channels themselves are the likely substrates of the soluble Src TK (9 -11) and PYK2 TK (12) . This action of PYK2 suppresses Kv1.2 activity and may include binding of the small GTP-binding protein, RhoA (13) . It is stimulated by elevations of either Ca 2ϩ or protein kinase C (14) , and more recent biochemical evidence suggests that it is connected to stimulation of G q-coupled receptors (15) . In addition, tyrosine phosphorylation of K ϩ channels has also been shown to be stimulated by growth factors via their specific receptors with TK activity, e.g. epidermal growth factor receptor (9, 16) , insulin-like growth factor receptor (17) , or platelet-derived/fibroblast growth factor receptor (18) . From their general function of stabilizing the membrane potential and fine tuning the excitability of neurons following synaptic input, it appears as a logical consequence that inwardly rectifying K ϩ (Kir) channels may also be under the modulatory control of cellular TKs. In this report, we demonstrate that strongly rectifying Kir2.1 channels are inhibited by direct TK phosphorylation at a single site in the C terminus and that stimulation of growth factor receptors may mimic this effect.
EXPERIMENTAL PROCEDURES cDNAs of rat Kir2.1 subunits (19) , rat epidermal growth factor receptor (EGFR) (20) , and rat nerve growth factor receptor (NGFR) (21) were subcloned into eukaryotic expression vectors pSVSport-1 (Life Technologies, Inc.) and pcDNA3 (Invitrogen, NV Leek, The Netherlands) for expression in tsA-201 and COS-7 cells, respectively. For expression in Xenopus laevis oocytes, cDNAs were subcloned into the polyadenylating transcription vector, pSGEM. Capped run-off poly(A ϩ ) cRNA transcripts from linearized cDNA were synthesized and injected into defolliculated oocytes in constant amounts of Kir2.1 subunits (ϳ6 ng) together with receptor cRNA (ϳ15 ng). Oocytes were incubated at 19°C in ND96 solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 5 mM HEPES, pH 7.4 -7.5), supplemented with 100 g/ml gentamicin and 2.5 mM sodium pyruvate, and assayed at 72 h postinjection. Two-electrode voltage-clamp measurements were performed with a Turbo Tec-10 C amplifier (npi, Tamm, Germany) and sampled through an EPC9 (Heka Electronics, Lambrecht, Germany) interface using Pulse/Pulsefit software (Heka). For rapid exchange of external solutions, oocytes were placed in a small volume perfusion chamber with a constant flow of ND96 or "high K ϩ " solution (96 mM KCl, 2 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 5 mM HEPES, pH 7.4 -7.5).
Rat basophilic leukocytes (RBL-1; ATCC cell repository line 1378) were cultured as described before (19) . Mammalian tsA-201 cells, a * This work was funded in part by the Deutsche Forschungsgemeinschaft. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Neurobiology of Signal Transduction, Max-Planck-Institute for Biophysical Chemistry, Am Fassberg 11, 37070 Göttingen, Germany. E-mail: akarsch@ gwdg.de. 1 The abbreviations used are: TK, tyrosine kinase; PTP, protein tyrosine phosphatase; Kir, inwardly rectifying K ϩ channel; NGF, nerve growth factor; NGFR, nerve growth factor receptor; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; RBL-1, rat basophilic leukocyte; WT, wild-type; SH2/3, Src homology 2/3. subclone of the human embryonic kidney cell line HEK293 that expresses SV40 T large antigen, were a gift of Dr. G. Eaholtz (Seattle, WA). Both tsA-201 and COS-7 cells were transfected with 0.8 g/ml (Kir2.1) and 0.4 g/ml (receptors) of expression plasmid cDNAs using LipofectAMINE and Opti-MEM I (Life Technologies, Inc.) following the manufacturer's protocol. Whole cell recordings were performed at room temperature 48 -72 h post-transfection in a bath solution consisting of 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, and 5 mM HEPES, pH 7.4. Patch pipettes were pulled from borosilicate glass capillaries (Kimble Products, Sussex, United Kingdom) and heatpolished to give input resistances of 4 -6 megaohms. The pipette recording solution contained 140 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, 1 mM Na 2 ATP, 100 M cyclic AMP, 100 M GTP, and 5 mM HEPES, pH 7.3. Currents were recorded with an EPC9 (Heka) patch-clamp amplifier and low pass-filtered at 1-2 kHz. Stimulation and data acquisition were controlled by the Pulse/Pulsefit software package (Heka) on a Macintosh computer, and data analysis was performed with Igor software (WaveMetrics, Lake Oswego, OR). Data are presented as mean Ϯ S.D. (number of cells).
RESULTS
Tyrosine Phosphorylation of Wild-type (WT) Kir2.1 Channels-Because of their well balanced basal tyrosine phosphorylation level, mammalian tsA-201 cells were selected in most experiments to demonstrate TK phosphorylation of transfected Kir2.1 channels. Western blots with antiphosphotyrosine antibodies revealed that the phosphotyrosine levels in tsA-201 cells strongly increased after a 5-min treatment with 1 mM membrane-permeable PTP inhibitor, perorthovanadate (data not shown). This analysis demonstrated that, in tsA-201 cells under basal conditions, the activity of endogenous TKs was dominated by the action of PTPs. When measured 48 h after transfection, Kir2.1 cDNA gave rise to inwardly rectifying I Kir2.1 currents with large amplitudes that averaged 1.97 Ϯ 1.12 nA (n ϭ 10) measured in the patch-clamp-whole cell configuration at Ϫ120 mV and in elevated (25 Fig. 1 ). In regard to their biophysical properties, these currents were indistinguishable from I Kir2.1 in native cells (19) . Following incubation with perorthovanadate, i.e. when TK substrates were allowed to become and remain phosphorylated, Kir2.1 currents declined to a new sustained level with a time constant of ϳ1-2 min (Fig. 1 ). Measured after 10 min, 100 M perorthovanadate selectively suppressed I Kir2.1 an average of 60 Ϯ 20% (n ϭ 9). When the specific TK inhibitor genistein (100 -300 M) was simultaneously applied together with perorthovanadate at the beginning of the experiment (Fig. 2) , no inhibition of I Kir2.1 was observed (102 Ϯ 20% of control; n ϭ 6). In contrast, once a saturating level of Kir2.1 inhibition by perorthovanadate was reached, coapplied genistein was unable to reverse this action (n ϭ 8), suggesting that in these cells no further tyrosine phosphorylation was necessary to maintain the closed state of Kir2.1 channels. The appropriate control experiments, i.e. application of genistein alone (99 Ϯ 2%; n ϭ 6) or identical concentrations of the oxidant H 2 O 2 and catalase (see legend to Fig. 1 ; 108 Ϯ 29, n ϭ 4), did not result in a significant change of the basal level of I Kir2.1 currents (see Fig. 5 ).
The inhibitory effects of perorthovanadate antagonized by genistein could also be demonstrated for native Kir2.1 channels present in cultured RBL-1 cells, which have been previously shown to express mainly large endogenous I Kir2.1 currents (19) . It was interesting to note that in certain batches of these cells, the onset of inhibition by perorthovanadate was much faster ( On ϭ 0.56 Ϯ 0.2 s, n ϭ 7) compared with recombinant Kir2.1 channels in tsA-201 cells (Fig. 3) . Also, the dose-dependent inhibition (K D, ϳ5 M) was quickly reversible upon removal of perorthovanadate ( Off ϭ 6.3 Ϯ 1.5 s, n ϭ 7). In RBL-1 cells in which perorthovanadate treatment was effective, this block averaged 91 Ϯ 4% (n ϭ 7). When the channels were fully closed after perorthovanadate application (but not when blocked by the open channel blocker Ba 2ϩ ), genistein partially relieved this block (Fig. 3 ). These results demonstrate that endogenous TK activity in RBL-1 cells was more efficient in closing Kir2.1 channels compared with tsA-201 cells and that continued phosphorylation was necessary to maintain this closed state. Mutant Kir2.1Y242F Channels-Thus, suppression of PTP activity in tsA-201 and RBL-1 cells induced closure of Kir2.1 channels, likely caused by phosphorylation of the channel protein or an intermediate signaling component by endogenous TKs. To answer the question of whether the channel itself is a TK substrate, we analyzed the primary amino acid sequence of Kir2.1 and detected several consensus sequences for recognition by TKs (22) . The consensus site with the highest level of phosphorylation, however, is present around a tyrosine residue at position 242 in the C-terminal domain of Kir2.1, preceded by glutamate residues at positions Ϫ1 and Ϫ3 and followed by an isoleucine at position ϩ1. Interestingly, this site is present only in Kir2.1-Kir2.4 subunits at equivalent positions, but not in subunits of any other Kir channel subfamily. Consequently, a mutant Kir2.1 subunit (Kir2.1Y242F) was engineered in which the tyrosine was replaced by a phenylalanine residue. When transfected into tsA-201 cells and measured under the conditions described above, Kir2.1Y242F channels gave rise to strongly rectifying I Kir currents that were indistinguishable from WT currents with respect to current amplitude, activation potential and kinetics, dependence on [K ϩ ] e , and blocking by extracellular cations (data not shown). However, unlike WT channels, Kir2.1Y242F channels were not subject to suppression by 100 M perorthovanadate (96 Ϯ 3% of WT current, n ϭ 6) even after prolonged administration (10 min). Thus, mutant channels lacking the TK phosphorylation site remained unaffected by the endogenous TK activity in tsA-201 cells (Figs. 4  and 5) .
Kir2.1 Inhibition by Growth Factor
Receptors-Because the nature of the endogenous TK in tsA-201 cells was unknown, we tested whether heterologously expressed receptor TKs would also substitute in translocating the phosphate moiety to the tyrosine residue. For this purpose NGFR, the receptor TK that binds nerve growth factor (NGF) and is abundantly expressed in central nervous system neurons, was cotransfected with Kir2.1 into tsA-201 cells. In 5 of 17 cotransfected cells tested, but in none of the control cells, 0.1-0.5 g/ml NGF generated a significant and reversible reduction of I Kir2.1 currents by 31 Ϯ 10%. In search of a cellular environment with optimal growth factor receptor channel signaling, experiments were also conducted in mammalian COS-7 cells. After cotransfection of both NGFR and EGFR, which binds epidermal growth factor (EGF), application of receptor ligands (0.5 g/ml) suppressed Kir2.1 current to a similar extent as in tsA-201 cells (n ϭ 7; Fig. 6A ), but only in ϳ20% of the cells. Application of NGF also failed to significantly suppress current amplitudes of mutant Kir2.1Y242F channels in 29 potentially cotransfected cells (Fig. 6A) . For more reliable coexpression, Kir2.1 and growth factor receptor cRNAs were also injected in different concentrations into X. laevis oocytes. Given the opportunity to precisely control the amount of injected cRNA, we observed a specific, long term down-regulation of Kir2.1 currents by NGFR cRNA injections. Reduction of amplitudes was ϳ90% with equimolar cRNA concentrations and ϳ30% using a 1:10 NGFR/ Kir2.1 cRNA ratio. Apparently this effect was not mediated by a receptor-induced TK phosphorylation process (see "Discussion"). In the further acute inhibition of Kir2.1 channels by TK, phosphorylation was measured with NGFR/Kir2.1 ratios Ͻ1: 10. Although the cellular phosphotyrosine content in Xenopus oocytes appeared to differ from tsA-201 cells, and perorthovanadate itself did not exert any inhibitory effects on Kir2.1 (indicating low endogenous TK activity), signaling between Kir2.1 and NGFR could be demonstrated. Fig. 6B shows the rapid and dose-dependent inhibition of Kir2.1 currents by the receptor ligand NGF in an oocyte measured 48 h after injection with Kir2.1/NGFR at Ϫ80 mV. Under these conditions, both 0.5 g/ml NGF and EGF (after EGFR injection) within Ͻ10 s decreased I Kir2.1 by 22 Ϯ 15% (n ϭ 6) and 11 Ϯ 2% (n ϭ 4), respectively, in a fraction of the oocytes (Fig. 6B) . Kir2.1 channels also served as targets for signaling by other neurotrophic growth factors of the NGF family, e.g. current amplitudes were similarly reduced following exposure to neurotrophin-3 and brain-derived neurotrophic factor. We did not investigate, however, whether these substances cross-reacted with NGFR or bound to other endogenous Trk receptors (23, 24) . In the absence of exogenously expressed growth factor receptors, 2 M insulin was found to robustly suppress I Kir2.1 by 74 Ϯ 14 (n ϭ 5) in a fraction of oocytes with a distinct biphasic time course (Fig. 6C ). This effect was most likely mediated by endogenous insulin/insulin-like growth factor receptors, because their presence and developmental role is well documented in both Xenopus oocytes and embryos (25) . 
DISCUSSION
The slow inhibition by growth factor receptor ligands and the ensuing suppression of endogenous PTP activity, which is absent in site-mutated channels, indicate that Kir2.1 channels are negatively controlled by a tyrosine kinase-dependent phosphorylation process. It appears that the tyrosine residue (Tyr-242) in the C terminus, ϳ60 amino acids downstream of the second ␣-helical domain, is a crucial determinant of this effect. To our knowledge, this is the first time that Kir channels have been demonstrated to function as substrates for direct TK phosphorylation. Although all Kir channels, like other K ϩ channels, harbor various putative TK phosphorylation sites in their primary sequence, the tyrosine residue is present only in members of the Kir2 subfamily at the equivalent position. The reconstitution of signaling by NGFR and modulation by perorthovanadate, for instance, have not been achieved for Kir3 (G protein-coupled inwardly rectifying K ϩ (GIRK)) channels, 2 and one might anticipate that neither are other Kir channels lacking this site affected by TKs. How exactly the translocation of a phosphate moiety from ATP to the tyrosine residue results in channel closure is not clear. Mechanistically, parallels may be drawn to the protein kinase A-and protein kinase C-dependent serine/threonine phosphorylation and subsequent closure of Kir2.1 channels (26) . In this case, both the cytosolic N-and C-terminal portions of Kir2.1 in their phosphorylated state were suggested to serve as the closing gate for the channel pore. A similar mechanism may be postulated for Kv1.2 (12) and Kv1.3 (9) channels in which a single homologue residue is crucial in mediating rapid current inhibition.
With a TK phosphorylation site identified in the channel, this study still raises several unsolved questions about the signaling cascade(s) that connect growth factor receptors and the Kir conductance. Although, intuitively, a direct interaction of growth factor receptors with K ϩ channels may appear less likely, direct phosphorylation of ␤ 2 receptors by insulin-like growth factor 1 and insulin receptors has indeed been reported (27) . The fairly rapid rate of channel closure following NGF stimulation in our experiments (0.1-0.3 s
Ϫ1
) at least would not contradict this hypothesis. Stimulated and autophosphorylated growth factor receptors, however, are better known for their binding to Src, Janus kinases, phospholipase C-␥, GTPaseactivating protein, phosphatidylinositol-3 kinase, Ras/mitogenactivated protein kinase, and other soluble signaling proteins characterized by the presence of Src homology 2/3 domain (SH2/3) recognition motifs (28 -30) . Activation of Src is a potential signaling component in the negative modulation of Kv1 channels (9, 11, 31) , and direct SH3 interaction domains have been identified for Kv1.5 (10) . Additionally, a reduction of Kv1.5 amplitudes by platelet-derived growth factor or fibroblast growth factor receptor was reported to involve increased activity of phospholipase C-␥1 (18). Kir2.1 channels, on the other hand, appear to be directly phosphorylated at residue 242 in their C termini but lack SH2/3 recognition motifs; further biochemical and electrophysiological studies will be required to determine the nature of cellular TK (the action of which is revealed by perorthovanadate) as well as its precise interaction with the channel protein.
It is notable in this study that cotransfected growth factor receptors and Kir2 channels couple with fairly moderate efficiency (20 -30%) in mammalian cells. Considered together with a generally reduced success rate in cotransfection experiments, this could be the result of an inadequate protein density in the membrane or a lack of other regulatory proteins that facilitate the assembly of receptors and channels into functional signaling cascades. We have also occasionally observed substantial variability in Kir2.1 regulation, particularly in response to TK inhibitors and PTP inhibitors expressed in different host cells. state of Kir2.1) is usually under the antagonistic control of specific PTPs, this variability may be the result of a cell-or differentiation-specific variation in the phosphotyrosine level. This balance, in fact, may be so delicate that following NGF stimulation in oocytes, Kir2.1 current oscillations of 2-4 s
have occasionally been observed that were affected in frequency by applied TK and PTP inhibitors. 3 In general, Xenopus oocytes appeared most unsuitable for our studies because of their highly variant (genistein) or absent (perorthovanadate) modulation of the cellular TK level. After cRNA coinjection, we also observed a severe chronic down-regulation of Kir2.1 currents by NGFR coexpression. However, coinjection of a ⌬NGFR deletion mutant lacking TK activity, as well as the absence of a receptor ligand or continued exposure to the TK inhibitor genistein, also suppressed Kir2.1 currents, demonstrating that this type of long term suppression was apparently not mediated by a TK phosphorylation process; it was therefore not further regarded as a subject of our study.
What functional consequences are to be expected from the acute TK-mediated closure of Kir channels in native cells? Kir2.1 channels are abundantly expressed in the embryonic and adult central nervous system (32, 33) , and there are numerous constellations in which they could be affected by the plethora of cytosolic and receptor TKs involved in cell growth, differentiation, and neuronal plasticity (30) . It goes beyond the scope of this study to speculate about all of the potential TKmediated interactions, e.g. cytokine (34) and neurotransmitter receptors (35) (36) (37) (38) , with Kir2 channels, and thus modulation by members of the NGFR, EGFR, or inositol growth factor receptor subfamily simply serves as an example. Trophic factors such as NGF may exert their action by regulating the abundance and distribution of K ϩ channels (39) and even the differential expression of alternatively spliced K ϩ channel isoforms (40) . On a shorter time scale, during neurogenesis in the central and peripheral nervous system, a scenario in which the activity of NGF receptors reduces current flow through Kir2 channels would have an intriguing consequence. As a prime determinant of cell input resistance and stabilization of the resting potential, a large K ϩ conductance through constitutively open Kir2 channels is likely to shunt current fluxes following synaptic input. Following channel closure during periods of high levels of released growth factors, cell impedance increases, and the cells are more efficiently depolarized, not having to overcome this K ϩ conductance. In this way, neurons become more vulnerable to synaptic input, a prerequisite of the dynamic and flexible systems that follow Hebbian rules of synapse consolidation (41) .
Independently of the precise molecular mechanism, our study provides yet another example of the overlap between two signaling systems present in all excitable cells. TK phosphorylation of Kir channels may provide an interesting link between signal transduction from growth factors to cell proliferation and differentiation on the one hand to rapid changes of cell excitability elicited by neurotransmitter receptors and ion channels on the other hand (42 Ϫ80 mV) . D, bar graph showing the relative inhibition of Kir2.1 currents after application of 100 M perorthovanadate, 0.5 g/ml NGF (n ϭ 6; coinjection of NGFR), 0.5 g/ml EGF (n ϭ 4; coinjection of EGFR), and 2 M insulin.
